Introduction
The microarray concept seeks to provide high-throughput analysis of, e.g., DNA sequences. The concept is not limited to DNA, but can be used for a wide range of other 15 biochemical interactions. Effectively, microarrays are libraries of biological or chemical entities immobilised in a grid/array on a solid surface. The entities are referred to as probes and these probes interact with targets (a gene, mRNA, cDNA, protein, etc). The extent of interaction is assessed using 20 fluorescent labels, colorimetric/chromogenic labels, radioisotope labels or label-free methods (e.g. scanning Kelvin microscopy, scanning tunnelling microscopy, electrochemical detection). 1 A common array interrogation method is to use fluorescent confocal microscopy to obtain an 25 integrated intensity signal for each spot on the substrate. Changes in signal intensity across the array provide information about hybridisation. Three common methods of producing microarrays are robotic spotting, lithography and bead-based assembly. In this article, we focus on the first of 30 these. We explain why we believe there is a need to understand wetting, we identify some of the wetting issues for such microarrays and outline simple principles that can be used to understand accuracy and reproducibility.
The need to understand wetting

35
Wetting describes how a liquid interacts with a solid through the change of interfacial areas to minimise the overall surface free energy of a system. To provide an overview of its significance consider the spotted fluorescent microarray in fig. 1 . It is evident that spots may show as donuts (hollow ring 40 shapes), that they can be irregular in size, distorted in shape and may have particle/dust contamination and bubbles. All of these are effects due to wetting and surface free energy. Donuts are ring stains produced by the drying of a droplet having a pinned solid-liquid interface. Irregular shapes and 45 sizes are related to the breaking of liquid bridges between a solid (spotting pin) and a substrate, and to the impact on droplet spreading of the state of the substrate surface (e.g. roughness or chemical heterogeneity).
A spotted microarray begins with the production of probes 50 (e.g. cDNA via parallel PCR, Oligo probes via oligionucleotide synthesis) and the preparation of a substrate (e.g. a glass slide). 3 A spotting robot creates an array (50-500 µ m diameter spots) which is then fixed. The robot dips pins into wells, deposits droplets onto the substrate and washes the 55 pins. Alternatively, inkjet synthesis can be used with nozzles firing A, C, G, T nucleotides. The array is used with targets created by extracting RNA from tissue, converting the mRNA to cDNA, fluroescently labeled with Cy3 and Cy5. Hydridisation is followed by a wash step and by image 60 acquisition. This process is shown schematically in fig. 2 . Spot shape, spot size and concentration are critical parameters in the spotting process. The deposition technologies include pins or needles, pin and ring, and inkjet printing. Quality issues include print quality, substrate chemistry and hydrophobicity, spotting buffer viscosity, pH, evaporation and probe concentration. Wetting is clearly important in determining the quality of a microarray and yet from around 22000 journal articles with the keyword "microarrays", only 4 are listed when combining this with the 70 keyword "wetting", a further 16 using "contact angle" and none with "surface free energy". 
Principles of wetting
In microarrays, size matters. A liquid surface tries to minimize its surface area. For a free droplet, the minimum 75 surface area shapes it into a sphere, but when a droplet is on a substrate this is no longer the case. Minimizing the surface free energy then involves the solid-liquid and solid-vapor interfacial areas and not just the liquid-vapor interface. Thus, when a droplet is on, e.g., a wire of a fence, it extends along 80 the wire. Since the force due to surface tension, γ LV , scales with length and that from gravity scales with length cubed (volume), small droplet size means surface tension wins over gravity and becomes the dominant force. For water, small means less than 10% of the capillary length (κ water -1 =2.73 mm) 85 and so droplets deposited in a microarray are shaped and structured by interfacial free energies. A droplet deposited onto a flat substrate may spread into a film or stop spreading and remain as a droplet. The surface free energy per unit area for contact between a smooth and 90 flat solid and a vapor is γ SV . If we intercalate a thin layer of liquid between the solid and the vapor we now have two interfaces and the energy becomes (γ SL +γ LV ). A film will form when the difference S=(γ SL +γ LV )-γ SV (the spreading power) is positive, unless the liquid is on a curved surface (e.g. 95 capillaries, fibers) or a patterned surface (chemically or topographically). In theory, if S<0, a small droplet stops spreading and remains as a spherical cap shape with a contact angle, θ e , to the solid described by Young's law: cosθ e =(γ SV +γ SL )/γ LV , which summarizes the chemistry. In 100 practice, contact angle hysteresis means no motion of the contact perimeter occurs until some advancing contact angle is exceeded. The driving force for motion of the contact line is γ LV (cosθ e -cosθ). refilling. When a pin contacts a substrate, a rapid downwards and outwards flow occurs, but as the pin is retracted the droplet is pulled up and forms a receding contact angle with the substrate until the capillary bridge between pin and substrate breaks. Controlling the surface energy of the 155 subtrate and pin will control the receding contact angle, the stretching and breakage of the capillary bridge and the final droplet volume and spot size. Spot size will depend on the geometric parameters of the pin and the wetting properties of the pin and substrate. In the ink-jet approach, capillary bridge effects are removed, because it is a non-contact deposition method. However, the instability causing the break-up of the capillary jet and the impact of a droplet on the substrate, still involve surface free energies and so influence spot size.
Spot size estimates and uncertainties
Excess pressure, spot density and dust 165 As spotting density increases, deposited droplets may touch. A droplet on a flat and completely wetting surface (θ e =0 o ) spreads into a film because this reduces the Laplace excess pressure, ∆P=2γ LV /R, across its curved liquid-vapor interface of spherical cap radius R. When two droplets with different 170 spherical cap radii touch, a capillary bridge forms and the one with the smaller R will flow into the other; droplets with higher curvature have higher execess pressure. In surface free energy terms, coalescing two droplets reduces the total energy. Minimising surface free energy also tells us that dust 175 will always attach to a water-air interface. The more hydrophobic a grain of dust, the more it will project out into the air, but even highly hydrophobic grains attach themselves to a droplet of water. In the extreme case, a droplet of water rolling across a bed of hydrophobic dust will completely self-180 coat and become a liquid marble. 
Donuts, contact line pinning and mixing
When droplets are deposited they are three dimensional volumes of liquid, but they dry and so become two dimensional solid spots. The evaporation of a droplet 185 possessing a solute (or coated in particles) will cause a ringstain if the contact line is pinned by contact angle hysteresis; low relative humidity causes fast ring stain formation. 6 As the droplet evaporates, an internal flow is set-up supplying liquid to the pinned contact line. Hence, suspended solids are carried 190 to the edge of the droplet where most solute deposition then occurs 7, 8 ( fig. 3) .In microarrays, a ring-stain (or donut) results in non-uniform fluorscence across a spot ( fig. 4) . 6 To suppress ring stains one can try using a high initial solute concentration, keeping the contact angle low (but then 195 spots become large), reducing contact line pinning and ensuring the initial deposition is homogeneous (since there is a strong memory effect of the initial distribution). 6 Although not a wetting effect, the diffusion time for 1 mm motion of 100 nm DNA is thirty hours, which implies a slow 200 hydridisation in a fluid film of 50 µ m. 2 Wixforth et al, note that improving uniformity of spot fluorescence is possible using micro-agitation to promote mixing. 
Conclusions
Advances in microarray technology now permit combinatorial 205 experiments providing large quantities of data. For data to be of scientific value, we cannot simply process it with sophisticated software and analyze it with careful statistics. We need to understand intrinsic limitations to the accuracy of the data arising from the nature of the interactions. Wetting 210 describes one fundamental interaction, that of the liquid with the solid, and may well influence the quality of our data. 
